Recently, it has been well recognized that the modulation of electrostatic interactions due to surface charges can induce transitions between lamellar liquid-crystalline (L α ) and inverse bicontinuous double-diamond cubic (Q II D ) phases in biological lipids. To reveal their kinetic pathway and mechanism, we investigated the low pH-induced L α to Q II D phase transitions in 20%-dioleoylphosphatidylserine (DOPS)/80%-monoolein (MO) using time-resolved small-angle x-ray scattering and a rapid mixing method. At a final pH of 2.6-2.9, the L α phase was transformed completely into the hexagonal II (H II ) phase within 2-10 s after mixing a low pH buffer with a suspension of multilamellar vesicles of 20%-DOPS/80%-MO (the initial step). Subsequently, the H II phase slowly converted into the Q II D phase and completely disappeared within 15-30 min (the second step). The rate constants of the second step were obtained using the singular value decomposition analysis. On the basis of these data, we discuss the underlying mechanism of the kinetic pathway of the low pH-induced L α to Q II D phase transitions.
I. INTRODUCTION
Biomembranes and lipid membranes are usually in the lamellar liquid-crystalline (L α ) phase. However, under some conditions, lipids form nonlamellar phases such as the hexagonal II (H II ) and cubic (Q) phases. Recently, cubic phases of lipid membranes have attracted much attention in terms of both their biological and physicochemical characteristics. [1] [2] [3] The inverse bicontinuous cubic (Q II ) phase is an interesting family of cubic phases that includes the double-diamond Q II D (or Q 224 ), the Q II P (or Q 229 ), and the gyroid Q II G (or Q 230 ) phases. This family of phases has an infinite periodic minimal surface consisting of bicontinuous regions of water and hydrocarbon. 1 To date, the effects of temperature, water content, and pressure on the stability of the Q II phases and the L α /Q II phase transitions have been investigated, but these severe physical conditions are generally lethal to cells. However, we identified a mild condition that induces these phase transitions via the electrostatic interactions due to the surface charges on lipid membranes. Specifically, as electrostatic interactions in the membrane interface increase in response to either an increase in the surface charge density of the membrane or a decrease in salt concentration, the most stable phase changes according to: Q II D ⇒ Q II P ⇒ L α . 4, 5 Subsequently, other examples of the modulation of electrostatic interaction (EI)-induced L α /Q II phase transitions, and transitions between different Q II phases in various lipids, were reported. The addition of Ca 2+ , Mn 2+ , and positively charged peptides can induce the L α to Q II and the intercubic phase transitions in dioleoylphosphatidylglycerol (DOPG)/monoolein (MO) and other lipids, which can be explained by the decrease in the electrostatic interactions. [9] [10] [11] Recently, we found that low pH-induced transitions from the L α to Q II D phase occur in dioleoylphosphatidylserine (DOPS)/monoolein within 1 h. 12 DOPS and MO are essential biological lipids, and pH is known to control the function and structure of membranes and proteins, thus playing an indispensable role in cells. These results demonstrate that the EI-induced L α /Q II phase transitions of biological lipids can be controlled by various mild factors, although their mechanisms of action are not well understood. However, it was recently recognized that cells can modulate the electrostatic interaction in membranes, and these modulations could play significant roles in controlling the structural changes occurring between cubic membranes and normal bilayers. 3 To reveal the mechanism behind L α /Q II phase transitions, it is important to elucidate the kinetic pathway. Several researchers have investigated the kinetics of temperature (T) or pressure (P) jump-induced L α to Q II phase transition in various lipids using time-resolved small-angle x-ray scattering (TR-SAXS) and cryo-transmission electron microscopy (C-TEM). [13] [14] [15] [16] [17] [18] For example, Seddon et al. investigated the T (or P) jump-induced L α to Q II D phase transition in monoelaidin using TR-SAXS, and found that during the L α to Q II D phase transition, a broad, featureless ring of scatter appeared. This then resolved itself into the intermediate Q II phase with a larger lattice constant, and then gradually the lattice constant decreased with time. 15 Drummond et al. observed the regular arrangement of pores in membranes in T jump-induced L α to Q II D phase transition in a synthetic lipid stabilized with a copolymer using C-TEM. 16 In protein science, TR-SAXS in combination with a rapid mixing system using the stoppedflow type have been used to follow rapid structural changes of proteins after a change of solution conditions. 19, 20 Recently, Rappolt et al. applied this method to investigate the Ca 2+ -induced L α to H II phase transition 21 and the Ca 2+ -induced sponge (L3) to a mixture of Q II D and Q II P phase transition 22 in DOPG/MO using a combination of rapid mixing and TR-SAXS. They found that intermediate structures did not form during these phase transitions. These results indicate that TR-SAXS and C-TEM are useful for revealing the kinetic pathways of the phase transitions.
To reveal the mechanism behind the EI-induced L α /Q II phase transitions, it is important to elucidate their kinetics pathway. In this report, we investigated the kinetics of the low pH-induced L α to Q II D phase transition in 20%-DOPS/80%-MO using TR-SAXS with synchrotron radiation and the home-made rapid mixing apparatus shown in Fig. 1 . In this membrane system, large aggregates were formed following a decrease in pH. It was therefore not possible to use the standard stopped-flow apparatus previously described [19] [20] [21] [22] because the aggregates blocked the narrow tubes in the apparatus. Using the new system depicted in Fig. 1 allowed the kinetic pathway of the low pH-induced L α to Q II D phase transition in 20%-DOPS/80%-MO to be revealed.
II. MATERIALS AND METHODS

A. Materials
MO was purchased from Sigma Chemical Co. (St. Louis, MO, USA). DOPS was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Poly (ethylene glycol) (PEG) with an average molecular weight of 7500 (PEG-6K) was purchased from Wako Pure Chemical Industry Ltd. (Osaka, Japan).
B. Preparation of membranes
To prepare dry lipid films, the appropriate amounts of MO in chloroform and DOPS in chloroform were mixed, then were dried first with N 2 gas and then under vacuum produced using a rotary pump (GCD-051X, ULVAC KIKO Inc., Miyazaki, Japan) for more than 12 h to remove the chloroform completely. For most experiments, the buffers contained 100 mM NaCl and 5% (w/v) PEG-6K. To prepare multilamellar vesicles (MLVs) of DOPS/MO membrane, 100 μl of 10 mM ammonium acetate buffer (pH 6.7) containing 100 mM NaCl and 5% PEG-6K (buffer A) was added to the dry MO/DOPS lipid film (10 μmol) , and the suspension was mixed several times using a vortex mixer for about 30 s at room temperature (∼25
• C). The DOPS/MO-MLVs in buffer A were used within 3 h of preparation.
All experiments were conducted in the presence of 5% (w/v) PEG-6K. As discussed previously, 12 the use of PEG-6K allows determination of the critical DOPS concentration and critical pH for inducing the L α /Q II phase transitions. Whereas DOPS/MO membranes in the absence of PEG-6K typically result in a mixture of Q II D and Q II P because the free energy of these phases is similar, the presence of a low concentration of PEG-6K stabilizes the Q II D phase preferentially over the Q II P phase. 11 This allows only the Q II D phase to be observed under conditions at which the Q II phase appears, which makes the analysis of the SAXS patterns and the kinetics of the phase transitions much easier. It is well recognized that PEG-6K cannot interact with lipid membranes directly, and the decrease in the chemical potential of water due to the presence of PEG-6K plays important roles in the changes of physical properties of lipid membranes. 23, 24 Large PEG-6K molecules are preferentially excluded from the inside of the lipid membrane-water system such as the Q phase-membrane mainly due to the steric hindrance, and thereby, at equilibrium the water content inside of the lipid membrane-water system is reduced to decrease the chemical potential of water inside the system, which should be equal to the chemical potential of water outside the system in the presence of PEG-6K. The decrease in the water content of the inside of the Q-phase membrane induces a decrease in its lattice constant, resulting in the change of the curvature elastic energy of the Q phase. Several theoretical studies have shown that, with decreasing water content, the most stable phase changes in the sequence that Q II P → Q II D → Q II G . 25 Moreover, in the presence of PEG-6K, the MLVs aggregate, which greatly increases the intensity of the SAXS peaks and thus the S/N of the SAXS peaks due to the lower content of water in the region where the incident x-ray enters. This allows SAXS patterns with a high S/N to be obtained using a 2-s exposure time, without the need to accumulate additional data. Moreover, inside cells there are high concentrations of proteins, which decrease the chemical potential of water inside the cells and are preferentially excluded from the inside of the lipid membrane-water system. Thereby proteins in cells can play the same roles as PEG-6K as described above. 26 Therefore, the physical properties and phase behaviur of lipid membranes in the presence of PEG-6K may be more similar to those in the cells than those in the absence of PEG-6K.
C. SAXS measurements
The time-resolved SAXS data were measured at the BL40B2 beamline at SPring-8 (Sayo, Japan). 27 The x-ray wavelength used was 0.1000 nm and the camera length was 1116 mm. Data were collected using a CCD camera (C4742-98-24A, Hamamatsu Photonics, Hamamatsu, Japan) coupled with a 6-in. x-ray image intensifier (V5445P, Hamamatsu Photonics, Hamamatsu, Japan). A mixing system was used to mix rapidly a MLV suspension (in syringe A in Fig. 1 ) with a buffer (in syringe B in Fig. 1 ). This mixing system was controlled from outside the BL40B2 experimental hutch. An airvalve (062E1, Koganei Corporation, Koganei, Japan) regulated 0.2 MPa N 2 gas pressure to an air-cylinder (BDA10×30, Koganei Corporation, Koganei, Japan). The N 2 gas pushed both the piston of syringe A (25 μL, model 1702RN, Hamilton Company, Reno, NV, USA) and that of syringe B (250 μL, model 1725RN, Hamilton Company) simultaneously, which ejected the solution in syringe A and that in syringe B at the same speed instantaneously. The tips of the needles were placed in a short silicon tube that was connected to a quartz capillary. To inject the solutions smoothly into the capillary without formation of air bubbles, both ends of the capillary were open. A new capillary was used for each measurement to eliminate adherence of the lipid membranes to the capillary wall.
The suspension of DOPS/MO-MLVs (4 μl, 100 mM lipid concentration) in syringe A was rapidly mixed with 36 μl of 20 mM citrate buffer at various pH values containing 100 mM NaCl and 5% PEG-6K (buffer C) in syringe B, providing a final lipid concentration of 10 mM using the mixing system described above. The mixture was transferred directly into a 1.0-mm diameter quartz capillary (Mark tube, TOHO, Tokyo, Japan) (Fig. 1) . The incident x-ray beam was adjusted onto the center of the white aggregates using the camera system. TR-SAXS measurements were made using 2-s exposures for the first 2 min and then 10-s exposures at various intervals or 10-s exposures at various intervals from the beginning at 25
• C ± 1 • C. To measure the final pH of the DOPS/MO-MLV suspension mixed with the various citrate buffers (final lipid concentration 10 mM), a large volume (1-2 ml) of each mixture at a given ratio of MLV suspension to citrate buffer was prepared, the suspensions were centrifuged at 13 000 × g for 20 min at 25
• C using a MR-150 centrifuge (Tomy, Tokyo, Japan), then the pH of the supernatant was measured.
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D. Data analysis
A series of sequential two-dimensional ring diffraction patterns were averaged circularly to reduce them into a set of sequential one-dimensional patterns. These patterns were corrected by subtracting the background scattering caused by the capillary and buffer. Diffraction patterns for the singular value decomposition (SVD) analysis were normalized by the total intensity of each pattern to correct for intensity fluctuations caused by shifts in the sample in the x-ray beam. The sequential one-dimensional diffraction patterns are equivalent to a matrix A(S, t), the matrix element A ij of which corresponds to the intensity at the ith scattering vector S i and jth delaytime t j . Such an m × n matrix was decomposed with the SVD analysis [28] [29] [30] [31] as
where U(S), S V, and V are an m × n matrix, an n × n diagonal matrix, and an n × n matrix, respectively. The elements of matrix U
(S) describe the orthonormal basis spectra of A(S, t). The values of the diagonal component in matrix S V , called singular values, indicate the contribution of the basis spectra to A(S, t).
The components of V(t) describe the time-dependent variation of the basis spectra. S V are used as criteria to distinguish significant signals from noise. 28, 29 The components of V(t) with larger singular values determine the change of the SAXS pattern with time, and thereby we can neglect higher components of V(t) with lower singular values. In our case, two significant components were extracted from the SVD analysis (see the details in Sec. III). The two extracted components of V, V 1 , and V 2 were fitted with single exponential functions as:
, where i = 1 or 2. The rate constant k was set as a common parameter for V 1 and V 2 . Using the values of the parameters obtained, the diffraction profiles of the decomposed components, B 1 and B 2 , were reconstituted as B i = U 1 S V1 c 1i + U 2 S V2 c 2i , where i = 1 or 2.
III. RESULTS
First, the kinetics of low pH-induced L α to Q II D phase transition in 20%-DOPS/80%-MO (molar ratio) at a final pH of 2.6 was investigated. The SAXS pattern of 10 mM MLVs of this membrane in buffer A (pH 6.7) indicated that they were in the L α phase with a spacing of 8.7 nm (Fig. 2) . Immediately after the MLV suspension in buffer A was rapidly mixed with buffer C (pH 2.4), the MLVs in the resultant suspension (10 mM lipid, final pH of 2.6) associated with each other to produce white aggregates in the capillary. lattice constant of the Q II D phase gradually decreased with time. The kinetics of low pH-induced L α to Q II D phase transition in the same lipid mixture at a final pH of 2.7 was very similar to that at pH 2.6, but the H II phase disappeared at 20 min.
Second, the kinetics of low pH-induced phase transitions in the same lipid mixture at a final pH of 2.9 was investigated (Fig. 5 ). At 10 s after mixing, large peaks due to the H II phase and small peaks due to the L α phase appeared. The spacing of the L α phase was the same as that of the original MLVs before mixing with the low pH buffer (Fig. 2) , suggesting that some MLVs with larger diameter did not change structure or phase, perhaps because these MLVs are composed of many layered membranes (i.e., an onion structure) and thus H + s could not penetrate the interior of these MLVs in a short time. At 22 s, only peaks due to the H II phase were evident, and their intensities increased with time until 34 s. At 34 s, a weak, broad peak at S = 0.125 nm −1 appeared. Thereafter, the peaks with spacing in the ratio √ 2: (Fig. 5) , and a peak around S = 0.125 nm −1 , significantly increased with time, but the peaks due to the H II phase noticeably decreased and disappeared by 15 min. The peak at S = 0.125 nm −1 was ascribed to the L α phase because at and above pH 3.2, the L α phase appeared, 12 and the spacing of the MLVs in excess water decreased with a decrease in pH, presumably due to the decrease in electrostatic repulsion between neighboring membranes inside the MLVs. The pH value of 2.9 is critical, as it is the pH at which the L α to Q II D phase transition occurred, 12 allowing both phases to coexist. The lattice constant of the Q II D phase gradually decreased with time. Table I shows the lattice constants of the Q II D phase (the final equilibrium state) and the basis vector length (i.e., the distance between the centers of neighboring cylinders) a, of the H II phases (the initial state) of 20%-DOPS/80%-MO at various low pH values. The lattice constants of the Q II D phase were very similar to those reported earlier, 12 indicating that the rapid mixing used in our experiments was successful. The value of a decreased with a decrease in pH. Generally, a is expressed as a sum of the distance between the center of the cylinder and the neutral surface (or pivotal surface), R pp , and the distance between the bilayer midsurface and the neu- tral surface of the monolayer, ξ , i.e., a = 2 (R pp + ξ ). To allow the lipid monolayer in the H II phase in excess water to adopt spontaneous curvature, H 0 , the addition of alkanes such as tetradecane to the membranes is required, as these compounds can fill the interstitial region of the H II phase and relax the hydrocarbon chain packing stress. 5, 8 Under this condition, the curvature of the monolayer in the H II phase is very close to the spontaneous curvature, allowing the absolute value of the spontaneous curvature of a monolayer to be expressed as |H 0 |≈ 1/ R pp . In this report we did not add alkanes to the DOPS/MO membranes, so the monolayer in the H II phase could not adopt spontaneous curvature completely. However, the results shown in Table I indicate a decrease in R pp with decreasing pH, suggesting that |H 0 | of this monolayer increases as the pH decreases. Moreover, the values of a in Table I are very similar to that of 20%-DOPS/80%-MO membrane containing 16 wt. % tetradecane in the same buffer at pH 2.8 (a = 7.0 nm), supporting that the phase in the initial state is the H II phase.
To obtain quantitative information regarding this phase transition, the SAXS data were analyzed using the SVD analysis, which allows efficient extraction of information contained in a data set. 28 If diffraction patterns of different phases are overlapped, the patterns can be separated and their time course analyzed further with SVD. This feature is a powerful approach for analyzing diffraction patterns of transient mixed phases. Figures 6 and 7 show the results of SVD analysis for the SAXS pattern of the 20%-DOPS/80%-MO membrane after the pH of the suspension was adjusted to pH 2.6. The first FIG. 6 . U spectra of SVD analysis for the SAXS pattern of 20%-DOPS/80%-MO after the pH of the suspension was adjusted to a final pH of 2.6. The data show two major components with their singular values. Singular values of the third to seventh components are 19.7, 11.8, 9.5, 6.8, and 6.5. Fig. 6 legend) , which indicate less significance of the components. Thus, the higher components were omitted from further analysis. The existence of two significant components (first and second) indicates that two major states are involved in the kinetics of this low pH-induced phase transition. To analyze the time dependent change of the first and second components, we fitted V 1 and V 2 with single exponential functions, and the rate constant k was determined as (1.9 ± 0.1) × 10 −3 s −1 (Fig. 7) . Both V spectra fit well to the functions. B spectra (Fig. 8) were reconstituted with U spectra and singular values and coefficients of the fit: B 1 corresponds to the SAXS pattern of the final state, and B 2 is a decay component with a rate constant, k. B 1 clearly corresponds to the pattern of the Q II D phase. B 2 is the difference SAXS pattern between the early component, the H II phase, and the final component, B 1 . Thus, the rate constant k corresponds to that of the phase transition from the H II phase to the Q II D phase. Using the same method, we analyzed the kinetics data of the phase transition at a final pH of 2.7 and obtained very similar results, although B 1 corresponds to the Q II D phase and a small amount of the L α phase. The rate constant of the phase transition at pH 2.7 was (2.3 ± 0.1) × 10 −3 s −1 , which is larger than that at pH 2.6. This is consistent with the result that the H II phase disappeared sooner at pH 2.7 (i.e., 20 min) than at pH 2.6 (i.e., 30 min). At pH 2.8 and pH 2.9, which are the critical pH values of the phase transition between L α and Q II D phases, both the phases appeared at the final stage (Table I) . We therefore did not analyze the kinetics data at pH 2.8 and 2.9 using the SVD analysis since the interpretation of the analytical results would be difficult. We can obtain the rate constant of the H II to the Q II D phase transition k using the analysis of the time courses of the peak intensities under some assumptions. Using this analysis we obtained almost the same value of the rate constant as that obtained using the SVD analysis (see the details in the Appendix). We discuss the advantages and disadvantages of the peak intensity analysis and the SVD analysis in the Appendix.
IV. DISCUSSION
The above results clearly show the kinetic pathway of the low pH-induced L α to Q II D phase transition: first, the L α phase converts into the H II phase in immediate response to the pH change, then the H II phase gradually converts into the Q II D phase. The initial step is rapid and is complete in less than 2-10 s, in contrast the second step, which is slow and takes 15-30 min. We analyzed the kinetics of the second step quantitatively using the SVD analysis, and obtained the rate constant k of the H II to Q II D phase transition. However, the kinetics of the first step could not be analyzed quantitatively due to the low time resolution of the apparatus used.
The mechanism of the low pH-induced L α to Q II phase transition can be analyzed from an equilibrium point of view. As discussed previously, 5, 8 the electrostatic interactioninduced L α to Q II phase transition is controlled mainly by the curvature elastic energy of the monolayer f curv due to the change in the spontaneous curvature of monolayer H 0 . Generally, f curv can be expressed as
where κ m is the elastic bending modulus of the monolayer, H ξ is the mean curvature at the neutral surface of the monolayer, K ξ is the Gaussian curvature at the neutral surface, andκ m is the Gaussian curvature modulus of the monolayer; the integration extends over the monolayer's neutral surface, which is at a distance ξ from the midsurface of the bilayer (i.e., the parallel surface). Using the geometric characteristics of the L α and the cubic phases, the difference between the free energy of cubic phase F Q and that of the L α phase F Lα , F Q-L , can be obtained from 8, 32, 33 
where K is the average value of the Gaussian curvature of the membrane over its total neutral surface area A, andκ bil is the Gaussian curvature modulus of the bilayer
Equation (2) shows that F Q-L is determined by the value ofκ bil , since K < 0; ifκ bil > 0 the Q II phase is more stable, and the L α /Q II phase transition occurs atκ bil = 0. 8, 32, 33 Equation (3) shows thatκ bil greatly depends on the value of H 0 of the monolayer; when H o has a large negative value (i.e.,|H 0 | is large),κ bil > 0 sinceκ m < 0, 32 indicating that the Q II phase is more stable. Moreover, we found experimentally that an increase in electrostatic interactions due to the surface charges of membranes significantly reduces |H 0 | of the monolayer. 5, 8, 9 If we assume that the electrostatic interactions do not changeκ m and κ m greatly, we can consider the following scenario. 5, 8 As the electrostatic interactions due to surface charges of a membrane decrease, |H 0 | of the monolayer increases, inducing an increase inκ bil . At the critical value of the electrostatic interactions,κ bil = 0, and the L α to Q II phase transition occurs. Below the critical value of the electrostatic interactions,κ bil > 0 and the Q II phase is more stable. In the above mechanism, we neglect the electrostatic interaction energy between neighboring membranes, 8 the lamellar phase unbinding energy, 34 and the fourth-order curvature energy, 35 all of which may play a role in the L α /Q II phase transition. As discussed previously, 12 in the low pH-induced L α to Q II phase transition, a decrease in the pH of the membrane suspension decreases the surface charge density of the DOPS/MO membrane due to protonation of the carboxylic acid of DOPS, which in turn induces an increase in |H 0 | of the monolayer. This mechanism is supported by the results of the pH dependence of the basis vector length of the H II phase (Table I) . Thus, as the pH decreasesκ bil increases, and at the critical pH ( = pH Q )κ bil = 0, and thereby the L α to Q II phase transition occurs. The pH Q values for the low pH-induced L α to Q II D phase transition in 20%-DOPS/80%-MO and 25%-DOPS/75%-MO are pH 2.9 and pH 2.7, respectively. 12 The pK app a of the DOPS carboxylic acid was also obtained experimentally by assuming that the L α /Q II phase transition is controlled only by the surface charge density of the membrane. This pK app a value agreed with the theoretical value of its pK app a obtained analyzing the effects of the electrostatic interactions and dielectric constant of the membrane interface. 12 The above results substantiate our conclusion that the low pH-induced L α to Q II phase transition is controlled mainly by electrostatic interactions associated with the surface charge density of the membrane.
On the other hand, the difference between the free energy of the H II phase F H and that of the L α phase F Lα , F H-L can be described by
where μ ch is the packing energy of hydrocarbon chains per unit area of the neutral surface in the interstitial region of the H II phase, which is always positive (i.e., μ ch > 0). Equation (4) 12 The value of pH H for the phase transition in 20%-DOPS/80%-MO could not be determined because we could not decrease the pH of the membrane suspension below pH 2.4 due to the characteristics of the citrate buffer.
As described above, from an equilibrium point of view, the most stable phase of the DOPS/MO membrane changes with a decrease in pH according to L α → Q II D → H II . Therefore, the difference between the free energy of the Q II D phase and the H II phase is not large. This is similar to the temperature dependence of the most stable phase of various lipid membranes: with an increase in temperature, L α → Q II D → H II . We next considered the kinetics of the low pH-induced L α to Q II phase transition. At the pH region where the free energy of the Q II phase is minimum among the three phases (i.e., L α , H II , and Q II D ) (Fig. 9) , the Q II D phase is formed at equilibrium. However, the kinetics pathway of phase transitions is governed by the rate constant, which is determined by the activation energy (or the energy barrier) of the transitions of the structural changes. There may be several elementary steps between the two phases. In this case the slowest elementary step among all the elementary steps, i.e., the rate-determining step, governs the total rate of the phase transition. Thereby if we compare the rate constants of the rate-determining steps of different kinetic pathways, the most probable pathway can be identified. As shown in Fig. 9 , if the activation energy of the rate-determining step in one kinetic pathway (i.e., the L α to Q II D phase transition) is much larger than that in the other kinetic pathway (i.e., the L α to H II phase transition), the L α phase first transforms into the H II phase and then converts to the Q II D phase. In contrast, if the activation energy of the rate-determining step in the L α to H II phase transition is much larger than that in the L α to Q II D phase transition, the L α phase transforms directly into the Q II D phase. It is note that the rate constant also depends on the attempt frequency (e.g., the preexponential factor in the Arrhenius equation of the rate constant), and thereby the difference in the attempt frequency of the rate-determining step of both the pathways may determine the kinetic pathway.
It is instructive to compare the kinetics of the low pH-induced L α to Q II phase transition with that of T change-induced L α to Q II phase transition. To date, it has been believed that during the L α to H II phase transition, the Q II phases appear as intermediate structures when temperature is increased. 37, 38 However, several exceptions have been reported. Caffrey et al. found that in T-jump experiments conducted with N-monomethylated dioleoylphosphatidylethanolamine (DOPE-Me), a metastable H II phase formed initially and disappeared very slowly while the Q II phase developed; after 3 h incubation, both phases coexisted. 17 The kinetics pathway for this system may be similar to that of our DOPS/MO system, although the rate constant of the L α to Q II D phase transition in our system is much larger than that of the T-jumped transition. Tenchov et al. observed the formation of the Q II phase by temperature cycling across the transition temperature between the L α and H II phases. 39 These results indicate that there is high activation energy for the L α /Q II phase transitions. Siegel et al. pointed out that the T changeinduced transition from L α to nonlamellar phases such as Q II and H II phases is determined by kinetic factors. 40, 41 In the DOPE-Me membrane, the rate of the L α to Q II and the L α to H II phase transitions are in kinetic competition.
The above results provide a basis for understanding the mechanism underlying the kinetic pathway of the low pHinduced L α to Q II phase transition. There are several theories regarding the stability of various Q II and L α phases or phase sequences in lipids, 25, 42 but currently there is no quantitative theory of kinetics for the L α /Q II phase transition in lipids. A qualitative theory explaining the kinetics pathway of the T change-induced L α to Q II phase transition in various lipids has been proposed by Siegel et al.; their model is consistent with the stalk hypothesis and their observations using a C-TEM 33, 40, 41 (see Fig. 1 in Ref. 41) . Thermal fluctuation of bilayers in the L α phase induces contacts with neighboring bilayers, the apposed (cis) monolayers fuse to form stalk structures [ Fig. 1(b) ], 41 and the trans-monolayers contact (TMC) or hemifusion intermediate is produced [Fig. 1(c)] . 41 There are two patterns of structural changes from the TMC. If the trans monolayers at the TMC rupture, an interlamellar attachment (ILA) or a fusion pore [ Fig. 1(d) ] 41 is formed (Type A). If ILAs accumulate in sufficient numbers, they form ILA lattices, which are intermediates in Q II phase formation. If rupture does not occur and the TMC accumulation and aggregate, the H II phase appears (Type B). The bilayer rupture tension τ * may determine the relative rate of H II phase formation. 41 Membranes with large values of τ * favor H II phase formation (i.e., the rate of H II phase formation is larger than that of ILA production and hence Q II phase formation). In other words, in membranes with large values of τ *, the activation energy of the rate-determining step from the L α to Q II D phase transition is much larger than that from the L α to H II phase transition (Fig. 9) 
APPENDIX: COMPARISON BETWEEN THE PEAK INTENSITY ANALYSIS AND THE SVD ANALYSIS
To determine the rate constant k of the H II to the Q II D phase transition in the second step of the low pH-induced the L α to Q II D phase transition, here we used a different method from the SVD one. We analyzed the time course of the SAXS peak intensities of the 20%-DOPS/80%-MO membrane after the pH of the suspension was adjusted to pH 2.6 (Fig. 3) . First, the peak intensities of H II (10) and Q II D (110) at each time were obtained by integrating the area of the peak shown in Fig. 10(a) . Then, we plotted the time courses of the peak intensities [ Fig. 10(b) ], which are almost the same as the V spectrum of the SVD analysis (Fig. 7) . The time courses were well fitted with the same single exponential functions as those used in the analysis of the V spectrum, and the rate constant k, which was set as the common parameter for both time courses, was determined as (1.7 ± 0.1) × 10 −3 s −1 . The value of k is almost the same as that determined using the SVD analysis ((1.9 ± 0.1) × 10 −3 s −1 ). We also analyzed time courses of 5 peak intensities of H II (10) The results show that all the curves were well fitted with the common rate constants k, whose value is the same as the above value of k. It strongly supports that this rate constant is for the H II to the Q II D phase transition. Both the analysis methods (the above peak intensity analysis and the SVD analysis) gave us the same value of the rate constant of the H II to the Q II D phase transition. Here it is useful to compare both the methods. The peak intensity analysis seems to be an easier method than the SVD one, because it is more straightforward and intuitive without using the matrix algebra. However, it has several disadvantages as follows. To obtain peak intensity, we have to define the peak area at first. When a few peaks are overlapped (in our case, the H II (10) peak was overlapped with the Q II D (111) peak, shown in Fig. 10(a) , the peak intensity of one phase is affected by the overlapped peak of another phase, and thereby the accuracy of the peak intensity is low. If we assume that the change of the SAXS pattern occurs due to the two-state transition, this problem does not affect the result significantly. But this indicates that the peak intensity analysis needs such an assumption. In the analysis of three-state transitions with overlapped peaks and that of a transition with a lattice constant shift, this problem induces a substantial error in the determination of the rate constants. If we use a software to separate overlapping peaks into the sum of several Lorenzian peaks, it is possible to eliminate the effect of the overlapping.
14 However, it is a very time-consuming work to do this kind of peak fitting of many SAXS patterns obtained by TR-SAXS.
In contrast, the SVD analysis itself does not need any hypothesis such as the two-state transition for the analysis of the SAXS patterns, because it is a simple matrix calculation and does not need preprocesses which might affect data quality. Moreover, the result of the SVD analysis provides us another useful information. 28 Based on the values of S V vector obtained by the SVD analysis, we can determine, without any assumptions, the number of the components in data, i.e., the number of the states in the phase transition in our case, which is one of the most important steps to analyze data with a proper transition model. For example, if there are two significant components, the two states are involved in the transition. If a transition model is built, we can fit the model to the V spectrum (Fig. 7) , and reconstitute SAXS profiles of components in the model, such as B spectrum in Fig. 8 . The reconstituted profiles help us to judge the model we built is correct or not. Therefore, the SVD analysis has several advantages that help us to build an appropriate model of a transition.
On the basis of the above comparison, we can select the method to analyze data of TR-SAXS. When the number of the states in a phase transition is well known and there is no overlapping of SAXS peaks of different states, we can use the peak intensity analysis. On the other hand, when the number of the states in the phase transition is unknown (case 1) or in the analysis of three-state transitions with overlapped peaks (case 2) and that of a transition with a lattice constant shift (case 3), we had better use the SVD analysis. Our case in this paper corresponds to the case 1, because we did not know the number of the states in the phase transition before the analysis.
